Stocking density is considered as a key factor determining the productivity of fish aquaculture systems. The transcriptomic response to crowding stress is, however, still poorly investigated. We aimed to identify potential biomarker genes via microarray analyses to gain insight into molecular pathways modulated by density-induced stress in farmed rainbow trout Oncorhynchus mykiss. Transcriptome profiling in the liver, kidney, and gills was complemented by analysis of classical plasma parameters and behavioural observations. Individuals of two trout strains were exposed for nine days to definite stocking densities,~10 kg/m 3 (low density);~30 kg/m 3 (moderate);~60 kg/m 3 (elevated); and~120 kg/m 3 (high). Only the PYGMA gene, encoding the key enzyme of glycogenolysis, was upregulated in gills and kidney, while about 90 genes were differentially regulated in the liver of trout exposed to high density compared with the moderate-density group. Pathway enrichment analyses predicted the upregulation of HIF1A signalling in liver, contributing to glucose homeostasis during stress conditions. This is consistent with the increased plasma glucose levels detected in crowding-stressed trout. The mTOR and PI3K/AKT signalling pathways were impaired in liver at higher stocking densities indicating stress at the cellular level. Contrary to our expectations, protein ubiquitination and cholesterol biosynthesis pathways were found to be underexpressed. Cholesterol is a precursor of the stress hormone cortisol, whose plasma concentrations were indeed within the normal physiological range in all treatment groups. In addition, we did not observe any aggressive interactions, which are known to be triggered through cortisol release. Taken together, we identified a relatively modest number of rainbow trout-specific crowding markers suggesting that farmed rainbow trout have gained enhanced stress-tolerant phenotypes through decades of selective breeding.
Introduction
Aquaculture might provide a real solution to the ever-growing consumption of seafood provided that fish production is sustainable and eco-friendly (Thurstan and Roberts, 2014; Williams et al., 2000) . Approximately 25% of EU-consumed fish is produced in European aquaculture, mainly rainbow trout and Atlantic salmon (European Commission, initiates the primary response, releasing corticosteroid hormones into the bloodstream (Hemre and Krogdahl, 1996; Mommsen et al., 1999) . The secondary response is mainly characterised by the mobilisation of energetic reserves to restore homeostasis (Silbergeld, 1974; Vijayan and Moon, 1992) . The tertiary response refers to 'whole-animal performance' such as behaviour, disease resistance or growth (reviewed by Barton, 2002; Ellis et al., 2002; Wendelaar Bonga, 1997) .
The correlation between well-being and stocking densities in aquaculture has been exhaustively analysed and reviewed in the past (Adams et al., 2007; Alanara and Brannas, 1996; Ellis et al., 2002; Gornati et al., 2004; Laursen et al., 2013; Martins et al., 2012; Melotti et al., 2004; North et al., 2006; Person-Le Ruyet et al., 2008; Turnbull et al., 2005) . Nevertheless, concrete minimum and maximum density levels await definition (Laursen et al., 2013) : 40 kg/m 3 has previously been suggested as an upper limit for stocking density in husbandry of rainbow trout Oncorhynchus mykiss (FAO 2005 (FAO -2017 FSBI, 2002) , whereas several other studies demonstrated that densities exceeding 100 kg/m 3 do not obviously impair the well-being of farmed trout (Boujard et al., 2002; Person-Le Ruyet et al., 2008) . New digital technologies based on the internet of things and cloud computing of 'big data' will in future allow the continuous high-throughput detection of biomarkers in farmed fish, their waste products and their artificial environment to regulate husbandry conditions as needed to maintain aquaculture facilities in optimal ranges. However, these technologies require the knowledge of sensitive biomarkers for compromised well-being of farmed fish. Well-established and less exploited salmonid-specific biomarkers for crowding are summarised in Table 1 . This list reflects, on the one hand, the complexity and contradictory nature of currently utilised marker sets and, on the other hand, points moreover to the high variability of individual approaches regarding the definition of high stocking density (ranging from 30 to 120 kg/m 3 ) and the duration of the experiment (up to nine months). Moreover, our literature survey revealed that crowding stress-induced pathways have been rarely suggested for salmonids so far, though numerous authors described distinct phenotypic implications such as impaired immunological parameters (Yarahmadi et al., 2016 (Yarahmadi et al., , 2014 , altered apparent feed conversion rates (PersonLe Ruyet et al., 2008) and reduced body condition factors (North et al., 2006) due to overcrowding. In this context, reference should be made to the studies of Rexroad and colleagues identifying transcriptional patterns and related pathways in response to acute confinement stress (Liu et al., 2014; Sánchez et al., 2011) . The objective of the present study was to discover novel animalbased biomarkers and evaluate well-known existing ones based on transcriptome profiling, and to derive inferences about the onset of suggestive pathways. To this end, we profiled the gene expression in three tissue types, liver, kidney, and gills. Kidney and liver are evolutionarily well-conserved key organs of the stress response: The kidney secretes hormones stimulating stress response pathways, while the liver, as the dominant metabolic organ, provides the required energy (reviewed by Harper and Wolf, 2009) . The gills are 'a frequent target for stress responses' (Harper and Wolf, 2009 ) and have been investigated in numerous studies concerning stress in teleost fish (Amaeze et al., 2015; Lam et al., 2014; Rebl et al., 2013) . The investigation of classical plasma parameters and behavioural observations complemented our gene expression analyses. 
Materials and methods

Fish and experimental facilities
Rainbow trout of two different strains, the German Born strain (Rebl et al., 2012; Verleih et al., 2015) and the North American Troutlodge strain (http://www.troutlodge.com/; WA, US; Silverstein et al., 2004) were bred from eggs (Born), and 'eyed'-stage eggs (Troutlodge). For SD experiments, trout were placed separately into 400-L glass tanks for 9 d until blood and tissue sampling was conducted. Born trout were 10 months in age averaging 26.8 ± 1.4 cm in length (mean ± standard deviation STD), and 280.3 ± 48.8 g in weight. Troutlodge trout were 11 months in age and averaged 27.5 ± 2.1 cm in length, and 335.4 ± 66.7 g in weight.
We investigated four stocking density conditions according to the literature (cf. review from Ellis et al., 2002) and practical experience of the Institute of Fisheries, LFA M-V (Suppl. Fig. 1a ). An uncrowded 'moderate' density (MD) of 30 kg/m 3 was assumed as the optimal stocking density for trout. ) was monitored in all tanks throughout the trial and the observed values were consistently in optimal ranges, i.e. temperature (16.4-19.8°C) , dissolved oxygen (9.8-10.5 mg/L), and pH (7.4-7.8). Two centrally located luminaires above each tank mimicked natural lighting conditions (light:dark period 17.5:6.5) including 0.5 h dimming in the morning and evening. Trout were fed commercial dry pellets by automatic feeders located centrally above each tank distributing the food 12 h/d. Throughout the experiment, no mortality or disease occurred among the rainbow trout and no technical problems were registered.
Behavioural observations
The behaviour of the Born and Troutlodge trout was recorded separately by cameras placed in front of the MD, ED, and HD tanks for 4 h on day 8 (until the start of dark period) and for another 4.5 h on day 9 (beginning at the start of the light period) after transfer of trout to experimental tanks. The LD tank contained both Born and Troutlodge trout and was thus analysed without discriminating the strains.
For behavioural analysis, the video recordings were examined for aggression (e.g. charging, chasing, nipping/biting, and fighting). Regarding the spatial distribution of the trout within the tank, each tank was subdivided into six equally sized rectangles: One vertical line divided the tank into 'left' and 'right', and two horizontal lines into 'top', 'centre' and 'bottom'. In an interval of ten minutes, stills of the video were examined and the position of all visible fish within the respective rectangles was noted. Fifty-three time points were analysed in total per tank. A Chi 2 -Test (SAS 9.2, proc. Freq) was used to test for equality of spatial distribution of trout across the 53 time points (under the null hypothesis of equal distribution). The test was calculated independent of the strain as well as separately for each strain. Due to the low total number of fish in the LD treatment (n = 10) and an accordingly low number of visible fish (n = 2 on average), the counting of fish in the LD treatment was not regarded as meaningful and was therefore excluded from further behavioural analysis.
Sampling and nucleic acid preparation
Rainbow trout were randomly sampled using hand nets. Anaesthesia of fish with phenoxyethanol prior to blood and tissue sampling was conducted in compliance with the terms of the German Animal Welfare Act ( § 4(3) TierSchG). Nine days after the start of the experiment, blood and tissue samples (entire liver; gill filaments; head and trunk kidney) were taken from ten Born and ten Troutlodge trout kept at MD, ED, and HD as well as five Born and five Troutlodge trout kept at LD. Each fish was weighed and measured.
Blood was taken from the caudal vein of each trout using 5-mL plastic syringes filled with 500 μl 0.5 M EDTA (pH 8.0) solution as anticoagulant. Gill, kidney, and liver tissues of the same animals were isolated, snap-frozen in liquid nitrogen and stored at −80°C until nucleic acid extraction. TRIzol reagent (Invitrogen, Carlsbad, CA, US) was used to extract total RNA from the tissue samples. The RNeasy Mini Kit (Qiagen, Hilden, Germany) in combination with the RNase-free DNase Set (Qiagen) allowed us to obtain high-quality RNA suitable for microarray hybridisations and quantitative real-time PCR (qPCR) assays. DNA was isolated from liver samples using the DNeasy Blood and Tissue Kit (Qiagen) to determine the genetic sex of the examined tout exploiting primer sequences adapted from Brunelli et al. (2008) .
Nucleic acid concentrations were determined by measuring the 260:280 nm absorbance ratio in a NanoDrop 1000 Spectrophotometer (NanoDrop Technologies/Thermo Fisher Scientific, Darmstadt, Germany). RNA was quality-checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) revealing RIN values ranging from 8.5 to 10.
Plasma cortisol and glucose analyses
Blood samples were centrifuged (4°C, 1700 rcf) and the supernatant was kept on ice until analysis of blood plasma parameters. The levels of plasma cortisol and glucose have traditionally been recorded as indicators of stress in fish (Silbergeld, 1974; Sumpter et al., 1986) . Cortisol concentrations were determined using a Cortisol ELISA assay (DRG Instruments GmbH, Marburg, Germany) and plasma glucose concentrations were measured using a colorimetric assay (Glucose Assay Kit II; BioVision, Milpitas, California, US). Both analyses were performed according to the manufacturer's instructions using a Beckman Coulter DTX 800/880 Series Multimode Detector (Beckman Coulter, Brea, CA, US) and measuring the absorbance at 450 nm.
cRNA synthesis, array hybridisation and data analysis
Five individual RNA samples from the same tissue (liver, gills, kidney), strain (Born or Troutlodge) and stocking density (MD, ED, HD) were pooled. Sample labelling was performed following the One-Color Microarray-Based Gene Expression Analysis protocol, version 6.6. Briefly, 100 ng of each total RNA sample was amplified and labelled with the fluorescent dye cyanine 3 (Cy3) using the Agilent Low Input Quick Amp Labeling Kit (Agilent Technologies). Yields of Cy3-labelled cRNA and the dye-incorporation rate were measured. The hybridisation procedure was performed using the Agilent Gene Expression Hybridisation Kit (Agilent Technologies). To this end, an equal amount of fragmented Cy3-labelled cRNA (0.6 μg) in hybridisation buffer was hybridised at 65°C for 17 h to 8 × 60 K Agilent-049158 Salmon Oligo Microarrays (Agilent Technologies; GEO platform: GPL21057) using Agilent's recommended hybridisation chamber and oven. Following hybridisation, the microarrays were washed once with the Agilent Gene Expression Wash Buffer 1 for 1 min at room temperature, followed by a second wash with preheated Agilent Gene Expression Wash Buffer 2 at 37°C for 1 min.
Fluorescence signals of the hybridised Agilent Microarrays were scanned at 3-μm resolution using a G2505C Microarray Scanner System (Agilent Technologies). Agilent Feature Extraction Software (FES) 10.7.3.1 was used to read out and process the microarray image files using default settings. FES corrected the background based on a twosided Student's t-test. The features having passed this quality control were further analysed using the limma package of R version 3.1.1/ Bioconductor suite (Smyth et al., 2005 ; http://www.bioconductor.org/ packages/devel/bioc/vignettes/limma/inst/doc/usersguide.pdf); all customized scripts used for calculation are available from the corresponding author. Following quantile normalization, pairwise comparisons between Born and Troutlodge trout were employed to compare transcript abundances under MD and HD conditions. The focus of our study was on common physiological features characterising crowding stress and impaired well-being in rainbow trout, rather than teasing apart strain-specific responses. To this end, the treatments were adjusted for differences between the strains according to the mathematical formula Var(X − Y) = Var(X) + Var(Y) − 2 Cov(X, Y), where X denotes the mRNA concentrations at ED or HD and Y represents mRNA concentrations at MD (control). 'Strain' was considered as a blocking factor accounting for treatment variability between Born and Troutlodge to reduce sources of variability and thus allow greater precision (Ritchie et al., 2015) . To control the false discovery rate, p-values were adjusted according to Benjamini and Hochberg (1995) . Only genes with a corrected p-value (or q-value) of b0.05, and an absolute fold change of N2.0 were deemed differentially expressed (DE) genes and considered for further evaluation. The full complement of microarray data has been deposited in the NIH/NLM Gene Expression Omnibus (GEO accession: GSE74332). Principal component analysis was performed using Rosetta Resolver Data Reduction (Weng et al., 2006) . Comparisons of gene expression across different stocking densities were performed using Venn Diagrams (Hulsen et al., 2008) . DE genes were reannotated using the Basic Local Alignment Search Tool (BLAST). We considered only transcripts with unique BLAST results (coverage and sequence identity of N 80% and E-value b 1 × 10 −4
) and joined redundant probes representing identical transcripts to avoid repeated counting of the same gene.
A functional analysis was performed using the Ingenuity program (Ingenuity Pathway Analyses/Qiagen) to evaluate global functional networks and canonical pathways of interacting genes and other functional groups. Benjamini-Hochberg multiple-testing was utilised as a cut-off criterion. Pathway enrichment analyses were collated with DAVID-generated lists of KEGG pathways (Huang et al., 2008) ; canonical pathways of mammalian diseases were excluded. Enriched pathways are indicated in the following by italic face.
The determination of the hypothetical chromosomal location of DE genes from rainbow trout was conducted using the comparative analysis of chromosome sequences from salmon and trout (Lien et al., 2016; Phillips et al., 2009 ).
Confirmation of DE genes by qPCR
Quantitative PCR was performed to validate array-predicted mRNA abundances. Gene-specific primers were designed (Pyrosequencing Assay Design software v.1.0.6; Biotage, Uppsala, Sweden) to amplify target fragments between 151 and 181 bp ( 
Results
Born and Troutlodge strains regulate common biofunctions to cope with crowding
Microarray technology was used to record the transcriptional changes induced by different SDs in the liver, gills and kidney of rainbow trout. The tissue-specific response patterns to different SDs are reflected by the principal component analysis (Suppl . Fig. 1b) . Pairwise comparison of microarray datasets from both trout strains evinced a relatively high number of common DE genes, but also exclusive DE genes present in only one of the two datasets (Fig. 1a, b) . In liver tissue of both strains kept separately at ED and HD, Born trout showed fewer DE features (ED: 208, HD: 281; compared with MD) than Troutlodge trout (ED: 338, HD: 643; compared with MD). Assigning these genes with altered mRNA levels to IPA biofunctions revealed that two common pathways were significantly downregulated in both strains, the protein ubiquitination pathway (Born: p = 1 × 10 , 4 genes; 2 genes shared).
Distinct sets of DE genes were also detected in gills and kidney of both trout strains, although the total number of DE genes was clearly lower (Fig. 1a, b) . Strikingly, 80 DE features were regulated in gills of Born trout, whereas only 6 features were regulated in Troutlodge trout. In contrast, the number of DE features in kidney was similar (about 50). The protein ubiquitination pathway (Born: p = 6 × 10 3.2. The majority of biological functions were downregulated in rainbow trout at higher densities Given a clear intersection of DE gene sets in Born and Troutlodge, we aimed at the detection of potential strain-independent biomarker genes with relevance for rainbow trout in general. The blocking module included in the Bioconductor package limma extracted those genes that were differentially expressed under ED or HD in both strains (hereinafter collectively referred to as 'rainbow trout') compared with MD conditions, reducing the number of putative indicator genes even further (Fig. 1c, d ).
This analysis revealed that most of DE genes in the liver of both strains were lower transcribed under ED (45 annotated genes) and HD conditions (79 annotated genes), as elucidated previously for the Born and Troutlodge strains in separate calculations. These downregulated genes are mainly involved in five hepatic pathways (Table 3) ), and PI3K/AKT signalling (p b 2 × 10 −2 ). Additionally, the transcript level of GCLM, the first rate-limiting enzyme in glutathione biosynthesis (p b 2 × 10 − 2 ), was reduced. The genes that were more strongly transcribed in liver under ED (3 annotated genes; cf. Table 4) and HD conditions (10 annotated genes), were mainly of regulatory nature and involved in the control of cell growth (KLF11, GDF11) or proliferation (SOSTDC1). Notably, HIF1A signalling (p = 0.02) was the only stress-induced hepatic pathway comprising upregulated positive factors (ARNT, G6PC) and a downregulated inhibitory factor (HSP90AA1) under HD conditions compared with MD (Fig. 2a) . The elevated transcript levels of PYGM were the only feature regulated in kidney (4.2-fold) and gills (6.7-fold) of rainbow trout kept at HD compared to MD (with q ≤ 0.04) ( Table 4) .
Higher densities increase blood glucose levels, but do not affect cortisol levels in trout
In Born and Troutlodge trout exposed to HD, the glucose concentration was significantly (p b 0.05) increased over trout kept at MD (Fig. 2b) . Plasma cortisol levels did not show any significant differences between the SD conditions (data not shown).
Microarray and qPCR confirm the different expression of selected marker gene candidates
Quantitative RT-PCR validated array-predicted expression differences of selected genes involved in the above mentioned pathways and biofunctions, i.e. G6PC (HIF1A signalling), HSP90AA1 (protein ubiquitination pathway), FDPS (cholesterol biosynthesis), EIF4E (mTOR signalling), as well as the genes encoding PGM3, HSP47 (SERPINH1), and COX (Fig. 3) . Student's t-test validated a significantly different expression (p b 0.05) for all selected genes, except for COX (p = 0.06). Accordingly, COX profiles showed no correlation (Pearson productmoment correlation coefficient, r b 0.3), whereas profiles across the other six target genes revealed a high concordance (r = 0.86).
Increased stocking is reflected by altered behaviour, although in a strain-dependent manner
In addition to the analysis of molecular characteristics attending crowding stress, we recorded the behaviour of the rainbow trout to determine potential interrelations between transcriptional and behavioural features. Video recordings did not reveal aggressive interactions. However, we observed a significantly unequal distribution of trout at LD (χ 2 = 32.9, p b 0.001), MD (χ 2 = 42.2, p b 0.001) and ED (χ 2 = 23.3, p b 0.001), but not at HD (χ 2 = 4.0, p = 0.56). Notably, this distribution pattern was only evident among BORN trout (Fig. 4, upper panel) indicating that individuals of this strain were mainly residing at the bottom (MD) as well as in the lower and central parts of the tanks (ED). In contrast, the Troutlodge strain showed a more or less equal distribution across all SDs (Fig. 4, lower panel) .
Discussion
Transcriptome profiling reveals a surprisingly short list of genes indicating crowding stress in trout
Crowding has been judged as one of the most influential stressors affecting fish physiology and thus the status of well-being in aquaculture (Barton, 2002) . Against this background, it is even more astonishing that microarray technology allowing for the simultaneous recording of N42,500 sequence features, revealed unexpectedly short lists of differentially regulated genes in rainbow trout from high-versus moderatedensity groups (cf. Suppl. Fig. 1b) . In kidney and gills, crowding induced only the PYGMA gene encoding a glycogen phosphorylase. In contrast, almost 100 genes were differentially regulated in the liver of trout Table 2. kept at high versus moderate density. Strikingly, only little more than one tenth of those features were upregulated under HD conditions. The differentially regulated genes were predicted to contribute to seven hepatic pathways, which are all known to play specific roles during stress responses. These included the overexpressed HIF1A signalling pathway as well as the underexpressed mTOR and PI3K/AKT signalling pathways. This is in line with previous reports demonstrating that ER stress impairs mTOR and PI3K/AKT activities (Proud, 2004; Qin et al., 2014) , but induces HIF1A (hypoxia-inducible factor 1, subunit alpha) to restore homeostasis (Rahman and Thomas, 2012; Werno et al., 2008) .
Carbohydrate-metabolising pathways indicate short-term crowding stress in trout
The restoration of homeostasis requires large amounts of glucose as a key fuel, thereby restricting its availability for other vital functions. HIF1A, in concert with ARNT (aryl hydrocarbon receptor nuclear translocator) (Jiang et al., 1996) induces the expression of G6PC (Gautier-Stein et al., 2012) . This gene encodes the catalytic subunit of glucose-6-phosphatase, a key enzyme regulating blood glucose levels, in rainbow trout as in other organisms (Vernier and Sire, 1976 ) and having previously been identified as an indicator for handling and crowding stress in rainbow trout (Liu et al., 2014) . Not only the blood glucose level, but also the mRNA abundances of ARNT and G6PC genes were indeed increased in the livers of rainbow trout kept at HD compared with MD in the present study. Interestingly, the genes ARNT (its salmon ortholog LOC106568252 maps to chromosome ssa13) and G6PC (salmon LOC106601296 maps to ssa03) are presumably located on chromosome 12 of rainbow trout, which had been found to harbour the most significant quantitative trait loci for stress response (Rexroad et al., 2013) and 16 single-nucleotide polymorphisms significantly associated with cortisol response to crowding (Liu et al., 2015b) .
Concomitantly with increased expression of ARNT and G6PC, PGM3 transcript levels were found to be decreased. The encoded phosphoacetylglucosamine mutase is indispensable for glycogen biosynthesis and breakdown. Glycogenolysis might even be a systemic physiological response, as PYGM was the only gene that was upregulated in the kidney and gills of rainbow trout kept at HD compared with MD. The encoded glycogen phosphorylase catalyses the conversion of glycogen to glucose-1-phosphate (Mehrani and Storey, 1993) .
An enhanced glucose level is generally accepted as an indicator of impaired well-being in trout (Trenzado et al., 2006; Yarahmadi et al., 2015) , though few reports document that glucose levels may decrease (Vijayan et al., 1990) or remain unaltered (Laidley and Leatherland, 1988; Melotti et al., 2004) in salmonids with increasing SD (cf. Table  1 ). In addition, reduced glycogen content has been found in rainbow trout (Conde-Sieira et al., 2010; Trenzado et al., 2006) and brook trout (Vijayan et al., 1990) held at HD between 70 and 120 kg/m 3 compared with an LD group (10-30 kg/m 3 ) strongly indicating that the breakdown of glycogen indicates (crowding) stress in salmonid fish. Altogether, the abovementioned findings in the context of relevant literature reveal that regulated features of carbohydrate metabolism, in particular those involved in glucose provision and the dissociation of glycogen, are strong indicators of crowding stress. Several enzymes of the cytochrome P450 family (CYP) have also been suggested as indicator genes for stress in diverse fish species (Gornati et al., 2004; Nematollahi et al., 2012; Rahman and Thomas, 2012; Scholz et al., 1997) . Genes coding for CYP members have been proven to contribute to a broad panel of functions, particularly in regard to the oxidation of many endogenous and xenobiotic substrates (reviewed by Frye, 2004) . While the level of cytochrome c oxidase (COX)-encoding transcripts was predicted to be decreased, CYP24A1 mRNA abundance was increased in the liver of rainbow trout kept at HD compared with those at MD. The encoded mitochondrial 25-hydroxyvitamin D3-24-hydroxylase plays a role in calcium homeostasis through vitamin D3 metabolism in salmonid fish (Lock et al., 2007) . Calcium is an essential second messenger promoting repair or death responses (reviewed by Cerella et al., 2010) . In this respect, it has been suggested that stress conditions compromise cell survival and trigger apoptotic signalling (Calduch-Giner et al., 2010) , which is indeed reflected by the set of upregulated genes comprising a higher proportion of cell death-related genes (KLF11, SOSTDC1, TRIM39). As apoptosis-related genes generally influence a plethora of physiological events, the altered transcription level of cell death-related genes seems to be a less robust indicator of impaired well-being. In contrast, glycogen-and glucose-metabolising pathways (including the key enzymes PGM3, PYGM, and G6PC, respectively) seem to be valuable, informative indicators for short-term (N1-month period) crowding stress in rainbow trout.
4.3. Cortisol and HSPs are not suitable biomarkers for non-acute, short-term crowding stress in trout Cholesterol biosynthesis was among the top pathways underexpressed in rainbow trout kept at HD and ED compared with those at MD. FDPS, one of the most strongly downregulated genes in trout at ED and HD, has been identified as the rate-limiting enzyme in the mammalian biosynthesis of cholesterol (Ashby and Edwards, 1989) , which is the precursor metabolite for the production of cortisol. The main function of this slow-acting steroid hormone is to increase blood glucose levels in response to hypoglycaemia (reviewed by Verberne et al., 2014) . As stated above, glucose levels were indeed increased in stressed trout, whereas cortisol levels were similar in all SD groups examined in the present study. This can likely also be attributed to reduced cortisol synthesis in rainbow trout kept under high-density husbandry in comparison to moderate husbandry conditions, as predicted by IPA.
At first glance, these data seem in conflict with the plethora of studies on stress physiology in fish that refer to plasma cortisol levels as an indicator of the severity of certain stressors (reviewed by Wendelaar Bonga, 1997) . A previous long-term study on the impact of SD demonstrated, on the other hand, that higher cortisol levels were recorded in trout kept at 10 kg/m 3 (comparable to the LD treatment in the present study) than in those kept at 80 kg/m 3 (intermediate between the ED and HD treatments in the present study) (North et al., 2006) . Further studies have documented that cholesterol levels increase (Person-Le Ruyet et al., 2008; Pickering and Pottinger, 1987; Pickering et al., 1991) , decrease (Leatherland and Cho, 1985; North et al., 2006) , or remain constant (Kebus et al., 1992; Leatherland, 1993; Procarione et al., 1999) with increasing SD in rainbow trout farming (cf. Table 1 ). In this context, it should be noted that cortisol levels not only adapt to persistent stressful conditions (Aerts et al., 2015) , but also depend on a broad spectrum of endogenous and environmental factors, such as seasonality (North et al., 2006) , time of day (López-Patiño et al., 2014) , water quality (Person-Le Ruyet et al., 2008) , rearing temperature, colour of the tank, food, heritability and age of fish (Martinez-Porchas et al., 2009) . Relevant literature indicates moreover that higher concentrations of cortisol indicate sudden, short-term stress exposure (reviewed by Barton, 2002; Wendelaar Bonga, 1997) , while the level of glucose rises days after stress induction (Hemre and Krogdahl, 1996) . It has also been shown that lower densities provoke the establishment of territorial hierarchies (North et al., 2006 ; Pottinger and Carrick, 2001), which in turn influence the level of cortisol (Fox et al., 1997) . To document potential crowding-related expressions of hierarchy during the present study, the behaviour of trout was monitored. We did not detect any aggressive behaviour, but we did find an unbalanced spatial distribution of individuals from one of the two rainbow trout strains: While trout were more or less equally distributed in HD tanks, we noted crowding in the lower parts of MD tanks. Laursen et al. (2013) found in a previous study that a few dominant rainbow trout occupy one tank of a two-tank system, while all other trout are crowded in the adjacent tank. Nevertheless, our observation of a crowding-induced hierarchical formation is apparently only a strainand not a species-specific feature. This is in line with other authors, who describe clear differences in behaviour between strains of rainbow trout based on their individual selection history (Campbell et al., 2015; Millot et al., 2014; Trenzado et al., 2006) . In addition to cholesterol biosynthesis and the synthesis of the antioxidants retinol and glutathione, the downregulation of a further metabolic pathway in liver of trout exposed to higher SD was predicted, namely protein ubiquitination. This pathway comprises a considerable number of heat-shock proteins (HSPs) that are downregulated in crowdingstressed trout, such as HSP47/SERPINH1, HSP90AA1, HSPA5/GRP78, HSPA9, HSPD1 and related factors. HSPs are generally considered as characteristic marker genes for stress responses, also in rainbow trout, but rather indicative of denatured proteins accumulating upon exposure to thermal (Rebl et al., 2013; Verleih et al., 2015) or chemical stressors (Kilemade and Mothersill, 2001; Koskinen et al., 2004) . Although it has been reported that HSP70 mRNA levels increased in rainbow trout kept at densities of 30 kg/m 3 (Aksakal et al., 2011) as well as 100 kg/m 3 (Gornati et al., 2004) compared with the respective control groups, HSPs have not been judged as reliable 'indicators of hatchery stress' in fish (Zarate and Bradley, 2003) . Their concentration has also been found either to remain at similar levels (Liu et al., 2014; Zarate and Bradley, 2003) or to decrease after exposure of fish up to densities of 46 kg/m 3 (Alves et al., 2010; Salas-Leiton et al., 2010) . A reason for the dynamic, condition-specific and variable expression of HSPs may lie in their pleiotropic functional spectra. HSPs contribute to numerous cellular signalling pathways including HIF1A signalling (Gradin et al., 1996 ; Fig. 4a ), toll-like receptor and chaperone-mediated autophagy (Xu et al., 2011) or glucocorticoid receptor signalling (Kirschke et al., 2014; Pratt and Dittmar, 1998) and demand therefore tight regulation (Wang et al., 2015) .
Evaluation of biomarkers for crowding stress is affected by various animal-based and environmental factors
This study presents several genes and pathways that are affected by stocking density in rainbow trout farming, and thus extends the rich repertoire of different biomarkers for crowding identified in previous challenge experiments (summarised in Table 1) . Nevertheless, we and others have found that the direction of perturbation of certain biomarkers may be contradictory -with various contributory causes. One certain cause is the duration of stress exposure. The experiments referred to in Table 1 for instance, span a timeline from two days up to nine months. Such variability in temporal scope has been shown to produce variation in biomarker measurements (reviewed by Barton, 2002; Ellis et al., 2002) . The present study challenged fish for nine days and is therefore presumably situated between acute and chronic stress exposure (Pickering et al., 1991) . This transitional phase, however, may be characterised by a lower number of detectable biomarkers and associated indicative pathways.
Further factors influencing the expression of biomarkers include conditions in the husbandry facilities, such as water quality, temperature, nutrition (reviewed by Barton, 2002; Ellis et al., 2002) and the size of the experimental tanks. Our experiments were conducted in smaller-scale tanks, oriented to previous studies on crowding stress in fish (Calduch-Giner et al., 2010; Conde-Sieira et al., 2010; Laursen et al., 2013; Procarione et al., 1999; Trenzado et al., 2006; Yarahmadi et al., 2014 ; see also Table 1 ), but it should not be ignored that these tanks do not represent volumes used in commercial aquaculture facilities.
Moreover, this study emphasises that 'biomarkers in aquaculture' are generally not only species-specific, but may also vary between strains or breeds. Decades of domestication caused directional genetic changes and have inevitably altered the behaviour of rainbow trout (Tymchuk et al., 2009) . Contemporary, intensive targeted selection has promoted a rainbow trout phenotype that is clearly distinguished from the wildtype, as it is characterised by enhanced stress tolerance (Barton and Schreck, 1987; Jentoft et al., 2005; Trenzado et al., 2006) -at least towards crowding (Rexroad et al., 2012) . Our parallel study on another salmonid fish demonstrates that comparatively new aquaculture species have a low level of stress tolerance: We assessed the transcriptional impact of similar SDs on the maraena whitefish Coregonus maraena and found that almost 200 genes were differentially expressed (q b 0.05, −2.0 N FC N 2.0) in the kidney of whitefish kept at high versus moderate density (Korytář et al., 2016) . By comparison, only one single parameter was found to be differentially expressed in the kidney of trout under comparable husbandry conditions (present study). Additionally, a high number of pathways indicating cellular stress and immunosuppression in the liver of whitefish are contrastive to the relatively few findings in the liver of rainbow trout in this study. However, it should not be overlooked that the complement system (Köbis et al., 2015) was in part compromised in the kidney of trout (from both strains) kept under stress conditions. Complement function has been found to be suppressed in several fish species upon crowding challenge (Mauri et al., 2011) , and also in rainbow trout (Yarahmadi et al., 2016) . Future studies involving transcriptomic approaches might investigate whether prolonged crowding challenge might lead to severely impaired immune functions, eventually culminating in a significantly elevated susceptibility towards pathogens.
Conclusions
Our data confirm previous investigations revealing that SDs up to 120 kg rainbow trout per cubic meter do not seem to cause severe physiological dysfunctions, at least in the first days of exposure to crowding. However, this assertion is based on an experimental setup that does not meet commercial aquaculture standards and depends on various definite parameters, not least on two robust rainbow trout strains, constantly high water quality, and sufficient food supply. In addition, the investigated time point of nine days does not provide information about sudden, acute or long-term, chronic stress responses. Subsequent transcriptomic studies may thus address the impact of prolonged exposure to crowding stress, recording the time course of affected networks to indicate, in particular, early signs of stress-induced immunosuppression at the mRNA level.
